The lateral vibration of elevator ropes for high-rise buildings, which is forcibly excited by the displacement of the building induced by wind force, is numerically analyzed, and a new practical method of reducing rope vibration by using vibration suppressors is proposed for relaxing the restricted elevator operation. Finite difference analyses of rope vibration with/without vibration suppressors are performed. The advantage of using vibration suppressors for reducing lateral vibration of the rope is demonstrated through numerical calculation: The resonant position of a rope with vibration suppressors greatly depends on the position of the vibration suppressors. When the vibration suppressors are uniformly installed along the full length of the rope, the maximum rope deflection becomes smaller as the number of vibration suppressors is made greater. It is also shown that the calculated results of the reaction force from the vibration suppressor are in fairly good agreement with the experimental results.
Introduction
As building heights increase, travel height and elevator ropes become longer. High-rise buildings have lower natural frequencies than conventional buildings. Therefore, when a building is swaying due to strong wind, the rope may resonate with the natural frequency of the building and may collide with and damage hoistway equipment. An emergency operation is used to prevent this problem, where the elevator is driven within a certain limit depending on the sway of the building. However, a reduction in the sway of the rope is hoped for from the viewpoint of driving efficiency improvement and safety improvement of the elevator.
Some studies (1) - (5) , including those on free/forced vibration (1) (2) , resonance problems (3) , coupled vibration of the rope and cage (4) and active vibration control (5) of rope displacement, have been conducted on the lateral vibration of an elevator rope whose length varies with time due to the up-and-down movement of the cage. However, except for a study (7) on the vibration control of self-excited vibration using a permanent magnet, these studies do not discuss the effect of rope vibration suppressors, which are used to reduce deflection of the rope.
As shown in Fig. 1 , three types of rope are used in high-speed elevators; these are the main rope from which the cage and counterweight are hung, the compensating rope that compensates for the rope tension and the governor rope that is connected to the cage and is used to operate the safety device. The vibration suppressor that physically restrains rope displacement to both sides of the rope can be set up for the main rope and the compensating rope. One of the authors (6) has analyzed lateral vibration of a rope when a vibration suppressor is installed on both sides of the rope, and has shown the usefulness of vibration suppressors in reducing rope vibration. Moreover, it was shown that the maximum displacement of the rope can be reduced by reducing the gap between the rope and the vibration suppressor, and that the location of maximum rope displacement can be controlled.
In case of governor rope, one side of the rope that is not connected to the cage is surrounded by U bolts for reducing rope displacement. In contrast, the other side of the rope that is connected to the cage cannot be surrounded by vibration suppressors because its connection component passes along while going up and down the cage; thus, vibration suppressors cannot be arranged on both sides of the rope. A controlling method for rope displacement has not yet been established for when vibration suppressors can be set up only on one side. In this paper, therefore, the lateral vibration of an elevator rope is numerically analyzed considering a vibration suppressor that is modeled using a one-degree-of-freedom system. In addition, it is effective for reducing rope vibration by using vibration suppressors that are installed on one side of the rope. Moreover, it was shown that the load that acted on the vibration suppressor when the rope collided agrees well with the calculated results.
Analysis

Fundamental equations
The simulation model shown in Fig. 2 was used to analyze the vibration of the elevator rope. The z-axis that goes down from the sheave is positive, and u is the horizontal rope deflection. The differential equation of the elevator rope is expressed as follows, based on the assumption that the rope is string. Numerical analysis is performed by using the following difference equation (2) , derived from Eq. (1). 
where t ∆ is the time step, z ∆ the element rope length, The response of the vibration suppressor, which is modeled using the one-degree-of-freedom system, respectively, is calculated by using the Newmark β method. Contact with and separation from the rope are judged at each time step. Because the reaction force that acts on the vibration suppressor is a horizontal element of the rope tension, it is calculated by the following equation while the rope is in contact with the vibration suppressor. (Fig. 2(b) ) 2 1 cos cos 
Boundary conditions of the rope collision test
In order to solve free vibration of the rope, which is released after initial displacement, the following boundary conditions are used. (a) Deflections of upper/lower end of the rope are fixed.
(b) Initial displacement of the rope is expressed as:
, and 1 L the distance between the upper end and the release position.
Boundary conditions where vibration suppressors are installed on one side of the rope
(a) Let the upper end of the rope be swaying sinusoidally at building's first natural frequency. Let the displacement of the lower end of the rope, connected to the cage, be the displacement of the building.
where w is the first mode of the building.
(b) The rope is restrained by the vibration suppressor when rope sway becomes large.
where 0 δ is the gap between the rope and the vibration suppressor, and i L the position of the i th rope vibration suppressor.
Vibration analysis of the rope between the upper sheave and the cage is performed by using the above boundary conditions, where vibration suppressors are installed on one side of the rope.
Experiment
To confirm that the load (reaction force) that acts on the vibration suppressor when the rope collides with the vibration suppressor can be correctly simulated, rope collision tests were performed. As shown in Fig. 3 
Results and discussion
Rope collision test
Figures 4 and 5 show the calculated results of the deflection curves of the rope and the time history of the rope deflection and reaction force after the rope is released. The experimental results of the reaction force of the vibration suppressor are shown in Fig. 6 with the calculated results. These figures show that the calculated results agree well with the experimental results of the reaction force on the vibration suppressor. Moreover, the behavior when the rope collides with the vibration suppressor can be well simulated. The maximum load that acts on the vibration suppressor is approximated by the following expression, because the slope of the rope during collision is equal to the initial slope as shown in Fig. 4 .
The relation between the maximum load and the deflection is shown in Fig. 7 . In this figure, the experimental results, the calculated results and the above expression are shown. The calculated results are in fairly good agreement with the experimental results. The load obtained by Eq. (10) is equal to the maximum load that is required to pull the rope to initial displacement. Hz. The relation between maximum relative displacement max u of the rope and cage position L is shown in Fig. 8 , and the deflection curves of the rope at various cage positions is shown in Fig. 9 . Moreover, the response curves of the rope where there is no vibration suppressor at the rope length, when the response becomes the maximum, are shown in Fig. 10 . The horizontal axis is made dimensionless, dividing the excitation frequency by the first natural frequency of the building. Figure 10 shows that the resonance frequency of the rope has risen due to the vibration suppressor. As a result, the response to the first natural frequency of the building is reduced. 
Rope displacement control method
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Effects of number N of vibration suppressors
The relation between the cage position and the maximum rope deflection obtained by the analysis are shown in Fig.11 . The deflection curves of the rope are shown in Fig. 12 . In these analyses, gap 0 δ and deflection amplitude 0 u are constant, and the parameter is number N of vibration suppressors. These figures show that, as the number of vibration suppressors increases, the maximum rope deflection becomes small, where the vibration suppressors are uniformly installed. 
Effects of gap
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Effects of the area of vibration suppressors
The relation between the cage position and the maximum rope deflection, and the deflection curves of the rope are shown in Figs. 14 and 15, respectively. Here, the vibration suppressors are partly installed and the installation interval is constant. These figures show that the rope displacement can be reduced by optimizing the area of installation. 
Conclusions
Vibration analyses of an elevator rope, which was forcibly excited by displacement of a building induced by wind force, have been performed to clarify the effect of vibration suppressors, which are installed on one side of the rope, on lateral rope vibration. The following results were obtained: (1) The load that acted on the vibration suppressor is obtained by the numerical analysis.
The calculated results agree well with the experimental results of the reaction force on vibration suppressors. (2) The method of reducing rope vibration by using vibration suppressors, which are installed on one side of the rope, is proposed. It is clarified that its effectiveness largely depends on the number of vibration suppressors, the gap between the rope and the vibration suppressors and the area of installation of the vibration suppressors. (3) As the number of vibration suppressors increases, the maximum rope deflection becomes smaller, where vibration suppressors are uniformly installed along the full length of the rope. In addition, as the gap between the rope and the vibration suppressor is made small, the maximum position moves from its original resonant position; these effects are quantitatively clarified. (4) Furthermore, the maximum rope deflection also depends on the area of the vibration suppressors; uniform installation is not always the best installation. It is clarified that rope displacement can be reduced by optimizing the area of installation.
